Results
In vertebrates, the detection of sound, motion, and gravity is mediated by a remarkable set of sensory receptors known as hair cells. The transduction of these stimuli into a neuronal impulse involves the deflection of hair cell stereocilia, which applies a tensile force to specialized structures known as tip links, opening cation channels [2, 3] . The stereocilia are stabilized by the actin-rich cuticular plate, which facilitates the return of cilia to their resting position following the application of a mechanical force. The cuticular plate is, in turn, anchored in place by the striated organelle, which is a cytoskeletal lattice located basally [4, 5] . These cellular structures are responsible for the sensitivity and functional properties of hair cells.
In birds, hair cells are found in an ensemble of sensory structures in the inner ear that include the utricle, the saccule, the lagena, and the basilar papilla ( Figure 1A ). The basilar papilla, which is the avian equivalent of the organ of Corti, is primarily responsible for the detection of sound, whereas the lagena, utricle, and saccule are believed to be involved in the detection of linear acceleration ( Figure 1A ) [10] . Recently, work by Dickman and colleagues has implicated the inner ear in magnetoreception in pigeons [1, 11] . Employing c-Fos as a marker for neuronal activation and single-cell electrophysiology, they identified a population of neurons in the vestibular nuclei that are sensitive to the intensity and polarity of magnetic stimuli. They showed that magnetically induced c-Fos activation in the posterior medial and descending vestibular nuclei was dependent on an intact cochlear duct, which encompasses both the basilar papilla and the lagena [11] . This result raises the prospect that sensory cells in the inner ear, perhaps hair cells, act as the primary magnetosensors. Because it is conceivable that these cells use the iron oxide magnetite (Fe 3 O 4 ) to transduce local magnetic information into a neuronal impulse [12] , in this study we employ histological and ultrastructural methods to identify iron-rich cells in the inner ear of pigeons.
The Discovery of Iron-Rich Sensory Hair Cells
To detect iron-rich cells in the vestibular and auditory system of pigeons, we employed the Prussian blue (PB) chemical stain, which labels ferric iron (Fe 3+ ) (n = 39 birds). Examination of histological sections with light microscopy revealed the presence of a PB-positive structure in a proportion of hair cells in the basilar papilla, lagena, saccule, and utricle ( Figures 1E-1H ). In almost all instances, we observed only one PB-positive structure per cell, which was always apically located beneath the stereocilia ( Figure 1D ). In the basilar papilla, the PB-positive structure was found in both tall and short hair cells. Staining with the hair cell marker otoferlin confirmed that the iron-rich structure was restricted to sensory cells and was not present in support or hyaline cells (see Figures S1A-S1C available online). Analysis of dissociated hair cells in solution revealed that these subcellular structures can be identified by transmitted light microscopy ( Figures 1J-1M ). We exploited this to determine whether they are found in flask-shaped type I hair cells and/or column-shaped type II hair cells in the lagena. We adopted the method of Ricci and colleagues of plotting the ratio of the neck width to cuticular plate width (NPR), versus the ratio of the neck width to the body width (NBR) ( Figure 1I ) (n = 6 birds, n = 43 hair cells containing iron-rich structures, n = 43 hair cells without an iron-rich structure) [8, 9] . This analysis revealed that iron-rich structures are present in both type I and type II hair cells in the lagena (Figure 1I-1M ).
Quantitation and Distribution of Iron-Rich Hair Cells
To gain further insight into the role of this structure, we undertook a quantitative analysis of the number and distribution of PB-positive hair cells in our histological sections, with a focus on the cochlear duct. Following the assignment of five anatomical landmarks along the pigeon cochlear duct and the creation of an anatomical standard (Figure 2A) , we manually counted PB-positive hair cells, mapping their distribution along the basilar papilla and the lagena (n = 6) (Figures S2A-S2F; Table S1 ). In the basilar papilla, we found that 28.0% of hair cells were PB-positive (n = 6 birds, n = 15,876 cells) and that these cells were represented in greater numbers in the medial to distal regions of this spatula-shaped structure ( Figure 2B ). In the lagena, we found that only 1.8% of hair cells were PB-positive (n = 6 birds, n = 20,858 cells), and these cells were found in both the striolar and extrastriolar regions of the epithelia (Figures S2G-S2I ). We found that 2.9% of hair cells were PB-positive in the saccule (n = 6 birds, n = 4,400 cells) and 5.7% were PB-positive in the utricle (n = 5 birds, n = 13,640 cells). Statistical analysis revealed that there was a significant difference in the percentage of PB-positive cells in the basilar papilla when compared with the lagena (p < 0.0001), the utricle (p < 0.0001), and the saccule (p < 0.0001). There were no significant differences observed when comparing the lagena and the saccule (p > 0.5) or the saccule and the utricle (p > 0.1), but there were when comparing the . In all instances, the iron-rich structure was found in the cuticular plate beneath the stereocilia. Diagrams in (B)-(D) are adapted from [7] . (E-H) Images of sections stained with Prussian blue and nuclear fast red (NFR) from the pigeon lagena (E), basilar papilla (F), utricle (G), and saccule (H). Arrowheads highlight the Prussian blue-positive structure in each hair cell. (I) Morphometric analysis of dissociated hair cells. The neck to cuticular plate ratio (NPR) is plotted against the neck to body ratio (NBR) to ascertain whether a cell is a type I or type II hair cell. Cells without the iron-rich structure are plotted as gray triangles, and cells containing iron-rich structures are plotted as blue dots. Quadrant boundaries are those adopted by Ricci and colleagues, where quadrant 1 is enriched for flaskshaped type I hair cells and quadrant 3 is enriched for column-shaped type II hair cells [8, 9] . lagena and the utricle (p < 0.05). Comparison of the percentage of PB-positive cells from left and right cochlear ducts revealed no statistically significant differences, indicating that iron-rich cells are not lateralized in pigeons (lagena: p > 0.5; basilar papilla: p > 0.1). We then undertook a quantitative assessment of the number of PBpositive structures present in a hair cell, given that the hair cell contains at least one such structure. This revealed that 99.71% of PB-positive hair cells in the lagena (n = 14 birds, n = 879 cells), 97.86% of PB-positive hair cells in the basilar papilla (n = 14 birds, n = 9,128 cells), 99.67% of PB-positive hair cells in the utricle (n = 6 birds, n = 811 cells), and 98.69% of PB-positive hair cells in the saccule (n = 5 birds, n = 104 cells) had a single iron-rich structure present ( Figure 2D ). Our total hair cell counts were consistent with previous studies performed in pigeons [13] .
The Subcellular Architecture of Iron-Rich Hair Cells To visualize the subcellular architecture of PB-positive hair cells, we employed correlative light and electron microscopy (CLEM) and electron tomography [14] . This revealed the presence of an electron-dense spherical structure with an average diameter of 545 6 31.4 nm (n = 18) in cochlear hair cells and 365 6 27.2 nm (n = 16) in vestibular hair cells (Figures 3A-3F) . In some but not all instances, this subcellular structure was membrane bound (22%, n = 44) ( Figures 3A, 3C , and 3E; Movie S1), decorated with smaller vesicles (25%, n = 44) ( Figure 3B ; Movie S2), or appeared to be in the process of flux (7%, n = 44) ( Figure S3E ). Imaging by transmission electron microscopy (TEM) showed that each iron-rich subcellular structure is composed of hundreds of ferritin-like granules that have a diameter of 6.75 6 0.06 nm in the basilar papilla (n = 319 particles, n = 3 birds) and 6.48 6 0.06 nm in vestibular hair cells (n = 268 particles, n = 4 birds) ( Figure 3G ) [15] . On a number of occasions, these particles were ordered in striking paracrystalline arrays (16%, n = 44) ( Figures 3E, 3F , and 3H; Movie S3). Consistent with our histological studies, energy-filtered transmission electron microscopy (EFTEM) and electron energy loss spectroscopy (EELS) confirmed that each structure is iron rich (n = 3) (Figures S3A-S3C ). Selected area electron diffraction analysis (SAED) indicated that the dominant iron species within each organelle is ferrihydrite ( Figure S3D ).
Iron-Rich Hair Cells in Avian Species
Next, we asked whether this iron-rich subcellular structure is unique to pigeons or whether it is also found in other avian species. To address this, we dissected out the inner ear and performed the aforementioned histological characterization on birds from a variety of different orders including Passeriformes, Psittaciformes, Anseriformes, Galliformes, and Struthioniformes. We analyzed zebra finches (Taeniopygia guttata, n = 3), ducks (Anas platyrhynchos domesticus, n = 2), chickens (Gallus gallus domesticus, n = 3), ostriches (Struthio camelus, n = 2), and budgerigars (Melopsittacus undulates, n = 3). In all species analyzed, we observed apically located PB-positive structures in either the basilar papilla or the vestibular epithelia ( Figure 4) . We do not, however, find PB-positive structures in rats (Rattus rattus, n = 3), mice (Mus musculus, n = 5), guinea pigs (Cavia porcellus, n = 3), humans (Homo sapiens, n = 2), zebrafish (Danio rerio, n = 4), or rainbow trout (Oncorhynchus mykiss, n = 4) ( Figure S4 ). The result shows that this iron-rich structure is conserved in Aves.
Discussion
We report the discovery of an iron-rich structure in avian hair cells that has a number of striking features: (1) it is located apically in the cuticular plate, (2) there is almost always only one per cell, (3) it is spherical in shape, (4) it is composed of ferritin-like granules, and (5) available data indicate that these granules consist of ferrihydrite. In some but not all instances, these structures are membrane bound and are composed of particles that are arranged in a paracrystalline array. The structures we observe are similar in appearance to siderosomes, which are iron-storage organelles found in macrophages and ferruginous micelles found in erythroblasts [14, [16] [17] [18] , with the notable exception of their subcellular location and frequency. To reflect this difference, we refer to the structures identified as ''cuticulosomes.'' It is known that siderosomes are derived from lysosome-like compartments that accumulate iron within a membrane-bound body [15] . We do not know whether cuticulosomes are formed in the vicinity of the endoplasmic reticulum and are transported into the cuticular plate or, alternatively, form within it. Our electron micrograph data hint at the latter, given that we observed a number of organelles, which appear to be immature, that already reside within this actin-rich meshwork.
What is the function of cuticulosomes in hair cells? We consider the following to be possibilities: (1) a store of excess iron, (2) a stabilizer of stereocilia, or (3) a mediator of magnetoreception. Although it is possible that this structure is a simple iron store (i.e., a siderosome), this would seem unlikely. There is no evidence that sensory neurons play a role in iron homeostasis, and it is not clear why a role in iron storage would necessitate the conspicuous positioning of a single organelle in the cuticular plate. Moreover, the absence of this organelle in rodents, humans, and the majority of avian hair cells indicates that the presence of the organelle is not required for cell viability. An alternative explanation for the presence of an iron sphere in the culticular plate is that it reinforces stereocilia by acting as an intracellular pendulum, facilitating their return to the resting position. This would be mediated by the increased density of the iron in comparison to its actin-rich surroundings, but it would necessitate a cytoskeletal connection [4] . It is conceivable that this stabilization might alter the mechanically induced transductive properties of stereocilia, enhancing the detection of low-frequency sound, including infrasound (f < 20 Hz, l > 17.2 m). This idea is supported by our observation that iron-rich organelles are enriched in the medial to distal regions of the basilar papilla (which are tuned to sounds with longer wavelengths); however, it fails to account for their presence in vestibular hair cells. Might cuticulosomes mediate magnetoreception? This is a tempting proposition, particularly given that we have not identified any other iron-rich cells in the inner ear of pigeons; however, it should be viewed critically. Although it has been shown that the iron within ferritin cores includes magnetite [19, 20] , our elemental analysis reveals that the dominant species of iron within the organelle is ferrihydrite. This composition is inconsistent with current models of a torque-based magnetoreceptor constructed of single-domain magnetite [21] . Studies in yeast and cell culture systems have artificially conferred magnetic properties on eukaryotic cells by overexpressing ferritin; however, these experiments have relied on the application of large external fields that are many times stronger than the Earth's [22, 23] . In addition, it is difficult to reconcile the electrophysiological studies conducted by Dickman and colleagues [1, 11] with the abundance of PBpositive hair cells in the basilar papilla in comparison to the few observed in the vestibular epithelia. It will be important to establish whether afferents from the basilar papilla innervate regions of the vestibular nucleus in pigeons, and whether calcium influx is induced by the application of a magnetic stimulus in iron-rich cells. Functional interrogation of this organelle will be a challenging task, particularly given the limited transgenic and molecular technologies available in birds. This goal is nonetheless worthy of pursuit, given that the specific subcellular location, elemental composition, and conservation indicate that it is an integral component of the avian sensory apparatus.
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